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CORRELATION OF SUBCOOLED BURNOUT HEAT FLUX

Atfached 1s a memorandum that presents alternative correlations

T 14 M- 4
for the burnout heat flux over the entire subcooling range. This

work was done by N. H. Chen (ORAU Research Participant) during the
summer of 1968. An analysis of the correlations shows:

1) The derived equations provide a slight improvement in the
accuracy of fitting the data over the burnout heat flux
correlations presently used probably because of the larger
number of constants used, Because the improvement is small
and the presently used correlations are easier to use, no
change is recommended at present.

2) The results as presented in Equations II and IV of the memo-
randum are useful to compare expected burnout heat fluxes in
Da0 with those observed in water. At a velocity of 30 ft/sec,

[}
pressure of 50 psia, and subcooling of 38°C, the calculated

burnout heat flux for Hz0 is 1.36 x 10° peu/hr-£t2-°C. The
calculated burnout heat flux for D,0 is 0.88 and 0.21, x 10°
peu/hr-rt2-°C, using equations II and IV, respectively. As
indicated by this result, the dependence of the burnout heat
flux on the physical properties is not properly defined by
the equatlions proposed herein.

3) The recommended equation (I) is the first attempt at including
the low subcooling burnout data in the correlation. Although
the correlation predicts the burnout heat flux with reasonable
accuracy, the indicated dependency of the burnout heat flux on
bulk liquid temperature and relatlve independence of subcooling
would be difficult to jJustify on the basis of a physical model.

The unrealistic physical picture 1s a result of least squares

analysis which requires only that the sum of the squares of the
deviations be a minimum. This approach is not recommended as a
basis for a theoretlcal model.

TYLITS & tansue.w
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Attach.
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CORRELATION OF SUBCOOLED BURNOUT HEAT FLUX

INTRODUCTION AND SUMMARY

The experimental subcooled burnout heat flux data from Reference 1
have been correlated by the following six equations:

,,,,,,,,,,,,,, g six e
A. Whole Range (246 Experimental Points)
3.26x1024 O -84 pl.344

I. Q/A = AT 0097 q 4887
Regression coefficient 0.976
(PYN =798 7 KATg\ #0219
3.94x10t%
1. e/ .27 P NI
Vpr A <§£Sf.437( 4 \e.ser CpATs:f‘874
\VLpL X

Regression coefficient 0,939
B. High Subcooling (206 Experimental Points ATg »25°C)

2-62}(104 VO.Baa ATSOG"OQ Po.:.aa
TL°-193

III. Q/A =

Regression ccefficient 0.976

8
IV, V%ff b, 16x10'3(PL)f sss<‘ ;f .01 VLpL;f LA4D

0.488

/CpAT 0,780 o1,
&Y @

Regression coefficient 0,975

*This work was done at SRL by N. H. Chen (Associate Professor at
Lowell Technological Institute, Lowell Mass.) during the summer

........ L Py N

of 1968 as an ORAU Research Participant.
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Low Subcooling (40 Experimental Points, ATg <25°C)

4 ,78x10*® yo.543 pl.337
V. A =
/. AT 0148 q 5,823

Regression coefficient 0,941

Q Prr 2 B840 o, 3,368
Vi Wﬁ = 3.03x10%* (1) (vz,pm) G:"E)

Ao ~\P 1284 4 (0.483

G )

Regression coefficient 0.935

The ranges of variables correlated by these equations are:

Burnout heat flux: 0.60-2,02 (10° peu/hr-fit?)

— 210N N meta
e = 5— UU,L.U pPaida

@

Veloecity

i

12-48 ft/sec
Subcooling = L4-72°F

Length of heater = 24 inches
Equlvalent dlameter = 0.375 ilnch

Equation I is recommended because it is much easler to use than
Equation II. The correlation plot of thils equation is shown in

Figure 1,

Method of Approach:

b

(1)

Dimensional Analysls - Because the experimental data were

obtalned from one configuration, the variables, such as

roughness off the surface, physical properties of the surface,
etc., can be eliminated. Temporarily, we include only D,

equlvalent diameter, and L, length of the heater, in the
analysis. The variables considered in the dimensional
analysis are:

1. Burnout heat flux,Q/a,[H/6L2], Btu/hr-ft?
2. Pressure,P, [F/L®], 1lbg/in®

3. Velocity, V,[L/gl, ft/sec

4. Subcooling, ATs, [T], °F
5. Equivalent diameter D, [L], inch



S. Mirshak -3~ DPST-69-201

8. Surface tension of liquid,q, [F/L], lbe/ft
9. Specific heat of liquid, Cp, [H/MT], Btu/lbp-°F
10. Thermal conductivity of liquid, k, [H/8TL], Btu/sec~ft-°F
11. Viscosity of liguid, uy, [M/L8], 1b/Ct-sec
12. Density of liquid, py, [M/I?], lbp/rt2
13. Density of vapor, Py, [M/I2], 1lby/rt2

Using the Buckingham n theorem, the above variables are combined
to form the following groups:

m = (Q/2)/(2\Ver) m, = D/L

ms = PL/o m, = Py/Pr,

mg = (kATg)/(VLPLX) e = w/{VLP,)

My = CpATg/A

Hence, these dimensionless groups can be correlated by

a a a a a
(Q/8)/(Wep) = of P2 P (PU Y A(KATy V8 _u Y4 (CpATs e
o 7 Npr” \VLQLK/ “VLpr” ~ N 7

which can be further simplified as

Q/A = o'vP1PPapP. Pa3Pa,y Pe, Pa Pricbe Pop by 4

= 3 Lh PL r'v w H Al &1

Because the last seven variables are physical properties of
the fluid which depend on the liguid temperature, we can
write:

a/a = o' vPr PP2aTgPap(Ty)

where i(T L) is the function of liquid temperature, represegting
the values of the last seven grounszs, Assuminge £(T-) = ap.

-a 3= e W T el FLRS R WA e d Ry \.J._LJJ [-JJ.-LJ " ’
then the equation becomes v

Q/b = ayP1pPap Pep Py
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(I1)

(I11)

Vapor Pressure Correlation and Liquid Temperature - In order
to calculate the liguid temperature and the physical properties
of water, we have to calculate the vapor prpssure of the water.

2 e = Ao L P T LY
For the operating range of our e.-:.npc;. rimental data, the equation

is

2949 .. 4
lo P =6.21 -
fro Toat+373.1
where
P = pressure, psia
T.,+ = Saturation temperature, °F

3aL 4 3
hence

TL = Tsat - ATsub

= l_ 2949.’4‘ - 373.].} - ATSUb

where

T = bulk liguid temperature, °F
ATgyp = bulk subcooling, °F

Because the liquid temperature 1is so important in the final
correlation, we have to Jjustify the above equation. The
error 1is almost negligible as shown in Appendix A.

Equations for Physical Properties of Water - The temperature
or pressure dependency of the physlcal properties of water
are given by the following equa%i?ns. These equations were
obtained from E., J, Thorgerson

A = (1071.5-0,33172Tg4t~0.000688Tg4t? )x2.205x1.055
(

u = 11.273«.14506TL+0.000605A1TL3)0.36

k = (560.95+2.0863T,~0.008869T2) /108

Cp = %.1868-5.4585x107*T+8.2318x107° 2

pp = (1.0038-1.7795%107%T} -2.7752x107% T2 )102

py = 1/(447.9-4.145TT +.01324 7T, 2 1_;%gzmsat )
/{0.02832x2,205)

o = (75.64-0,1391T,~0.0003T1,2)1.0197x10~*
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where

- saturation temperature, °F

T;, = liquld temperature, °C

A - latent heat of vaporization, kaU1

u - viscoslty, K&
m hr

k = thermal conductivity, ~—§4931-
m “C sec

Cp - specific heat, Kol
kg “C
pr, -~ density of liquid, kg
m3
- density of vapor, kg/m®

o - surface tension, kge/m

(IV) Least Square Method

From the previous equations, we have

A PL 0 ATg ~
in (%éﬁn - 1na+al1n<:—;Hagln<$%DHaalnfk 8

\VLPLA/

+a4ln<513£)+aslnfcpiTs>

or ¥ = C,+a;X; a;XgtazXg+ta, Xg+agXy
Similarly

Ind = 1na"+b, 1nV+b, InP+by InATg+b, InTy,
or Y = Ca+by Xy1bg Xa*tb5Xa+b, X

The deviation is

DEV = Y(calc.)-Y(exp.)

The sum of deviation square 1is

T{DEV)® =
i

(Y(cale.)-Y(exp.))?

[ R

1

All these constant coefficients and exponents were determined
using the library least squares computer program,
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(V)

Accuracy and Comparison - The final correlations as shown in
the Summary are compared with the fo%l?wing correlations:
Mirshak, Durant, Towell correlation.

Q/A = 0,266(1+0.0365V)(1+0.00914ATg)(1+0.0131P)
G. E. Myers proposed correlation.(u)

Q/A = 0.1172(Gx10-é)o.ssa(ATso)o.asg(D)-o.31a(P)o.osl
D. H. Knoebel correlation.(S)

Q/A = 0.08533(1+0

The comparison 1is shown 1n the following table,

AVERAGE VALUES OF ABSOLUTE PERCENTAGE DEVIATION

v vy TR e ey e T B . Vol ol et e i e e

OF THE EXISTING COMPANY CORRELATIONS

Whole Range High Subcool Low Subcool

4-72.0°F >25°F <25°F
Correlation 246 Points 206 Points 4o Points

Mirshak, Durant, Towell 12.71 11.45 19.18
G. E. Myers 13.67 12.76 18.35
D. H. Knoebel g.31 4,11 29.92
N. H. Chen

Liquid Temperature 4.59 (I) 3.51 {III) 5.12 (V)

Physical Property 7.68 (11) 3.48 (1V) 4,73 (VI)
DISCUSSION
1. Equation I 1ls recommended because it can be used for wider range

than Equations III to VI even though the absolute average per-

centage deviation is somewhat higher than the corresponding value
for high subcooling, Obviously Equation II derived uging di-

Ml L Ll e e L | " ] A TR W e Sl e wb ¥ ks L

mensionless groups is not as good as Equation I. The absolute
average percentage devliation of Equation II 1is larger than that
of Equation I because there are possible errors in the equations
used to estimate the physical properties of water which were used
to arrive at Equation II. Another advantage in recommending
Equation I is that it 1s simpler than Equation II. However,
Equatlion II has the merit that when other fluids are used in the
correlation, it can be transformed to a more generallized equation
more easily than Equatlion I. In other words, when many fluids
are used, the representation of the correlating varlables by the
physical properties is more accurate than by a single parameter.
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2. In the present analysls, the liquid temperature is used as the
correlating varlable in Equation I. To arrive at the best
rossible correlation, this temperature should be very accurate
because the correlatlon shows that the burnout heat flux varies
inversely as the 4.687 power of the liquid temperature,.

3. The comparison of the proposed equations with existing previous
correlations is very approximate because, with the exception of
the Knoebel correlation, they were derived from different experili-
mental data. The experimental conditions were more varied and
experimental errors were larger,.

RECOMMENDATIONS

The following recommendations are suggested for future work:
1. Change the configuration of experimental apparatus.

2. Use heavy water and other flulds.

3. Theoretical sfudy.
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APPENDIX A

ACCURACY OF VAPOR PRESSURE CORRELATION

The foélowing computer program was used to calculate the constants
in the' Antoine Equation for the vapor pressure of water. The
experimental values were from Keenan and Keyes.

C VAPOR PRESSURES BY ANTOINE EQUATION
) DIMENSICN PCAL{1000}, PSIA(1000),TF(10001'DSQ(1000) ERR[lOOOi
CALL SETBTF
CALL EFTM(10}
88 CCNTINUE
REAC{54+3) N,AA,BB,CC
3 FCRMATI(I5,3F15.4)
READ{S 21 {PSIALT)sTFLI)yI=14N)
2° FORMATI2F15.5)
CQ 4 1=1,N
PCAL(I)=EXP{2.302585% (AA+BB/{TF(13}+4CC}}}
ERR{I)=100.0%(PSIA{I)-PCALLI))/PSIALL)
DSGUI)=(PSIAII-PCAL(I))*%2
- 4 CONTINUE
€ SUME=0
SpSQ=0
D0 7C I=1,N
SUME=SUME+ERR(I)
SDSG=SCSQ+DSG(I)
70 CONTINUE
"~ AERR=SUME/N
SY=SCRT(SDSQ/(N-2))
AN=N
SERR=SY/SQRT{ AN)
WRITE(6,103(TF(I}, PSIA(IB:PCAL(I):ERR(II,I 14N}
10 FORMATI8X, 'T(F)}',10X, "PSIA',9X, 'P{CAL)',10X, "% ERR'//I[4&{1PE
© 115443 1)) '
WRITE(6,20) AERR,SY,SERR
20 FORMAT(' AERR='",E20.5,",5Y =',E20.5,*ySERR =*,E20.5}
‘' GO TO &8 :
99 STCP
ENC

i

. The following equation was calculated from the above.code:

log,, P =6.21 - %%%%é%f -
ﬁhere
P = pressure, psia
T = temperature, °F
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The following table presents a comparison of the steam table values
and those calculated from the above equation:

|

/
i
T(F)

2.217S6E
2.5033E
- 2.6725€E
"x 2.81C1E
2.9211E
3.0292E
3.1203E
3.2027E
3.2781¢
3.34717E
3.4125E
AERR=

AERR

if

it

SY
SERR

il

c2
Q2
2
g2
02
c2
02
02
c2
02
g2

~0.1E270E—-C1,5Y =

PSIA

2.00CCE
3.0C0CE
4.00CCE
5.0CC0E
6.0000E
7.C0GCE
8.00CCE
9.000CE
1.0000¢E
1.10CCE
1.2CC0E

average error

gstandard error

(Steam Table)

cl
Cl1
Gl
0l
01
01
01
01l
02
02
02

TABLE A-1

P(CAL)

2.,0001E
3.0001¢
4.00CT7E
5.0007€E
6.0016E
7.0012E
8.0018E
9.0022E
1.0003E
1.1002€
1.2003E

gl
0l
o1
01
01
ol
o1
0t
02
Q2
02

% ERR

~4.,9591E-03
~1.9328E-03
~1.8349E-02
~1e406GE-02
~2.T415E-02
-L.T7T22E-02
-2.2602E-02
~2.5085E-02
~2.1085E-02
~2+3282E-02

0.19116E-01,+SERR =

average absolute deviation

0.57636E-02



